In this work, low-temperature photoluminescence (PL) and photoluminescence excitation (PLE) experiments have been carried out to investigate the optical and electronic properties of InAs/GaAs quantum dots (QDs) subjected to room-temperature proton implantation at various doses (5 × 10 10 -10 14 ions cm −2 ) and subsequent thermal annealing. The energy shift of the main QD emission band is found to increase with increasing implantation dose. Our measurements show clear evidence of an inhomogeneous In/Ga intermixing at low proton implantation doses ( 5 × 10 11 ions cm −2 ), giving rise to the coexistence of intermixed and non-intermixed QDs. For higher implantation doses, a decrease of both the PL linewidth and the intersublevel spacing energy have been found to occur, suggesting that the dot-size, dot-composition and dot-strain distributions evolve towards more uniform ones.
Introduction
Quantum dots have recently been a topic of extensive research owing to their discrete atomic-like energy levels and their promising potential for the realization of highly competitive novel electronic and optoelectronic devices. A simple low-cost technology, such as compositional intermixing, has proven to be an attractive means of achieving integration in quantumconfined heterostructures [1] . The initial studies of QD structure annealing were carried out to improve the quality of the GaAs cap and AlGaAs cladding layers grown on top of the dot layers [2] . The investigations showed that threedimensional (3D) confinement could be retained in the QD after high-temperature annealing, suggesting that it is possible to control the bandgap of the QD structures through postgrowth processing. Selective control of the bandgap of laser heterostructures is necessary for the fabrication of useful monolithic integrated circuits (PICs); therefore, techniques originally developed for quantum well intermixing have been used as a means of achieving QD intermixing. A number of techniques using laser annealing [3] , proton implantation [4] , or thermal annealing with a dielectric cap [5] have been successfully used for the intermixing of In(Ga)As/GaAs material.
Amongst the various intermixing techniques, ion implantation induced intermixing has been widely used for bandgap tuning of quantum wells (QWs) [6, 7] and QDs [8] [9] [10] [11] . Active devices such as multi-wavelength QD lasers have also been demonstrated using this technique [12] . However, there are still some unknowns concerning the key parameters that initiate the interdiffusion mechanism at the QD/barrier interface and contribute, for example, to inhomogeneous intermixing at low implantation doses [8] . The investigation and understanding of this phenomenon is important to ensure efficient control of the intermixing process and better control of dot composition and bandgap tuning. In this context, photoluminescence (PL) and photoluminescence excitation (PLE) experiments have been carried out to study the effect of proton implantation at different doses and subsequent thermal annealing on the optical and electronic properties of InAs/GaAs QDs.
Experimental details
The samples under investigation consist of a single layer of InAs QDs grown by solid-source molecular beam epitaxy on semi-insulating (001) GaAs substrate. After the deposition of a 0.5 µm thick GaAs buffer layer at 580
• C, the growth temperature was ramped down to 500
• C in order to minimize the interdiffusion between In and Ga atoms. An InAs QD layer with 2.4 monolayer (ML) nominal thickness was deposited at 0.043 ML s −1 followed by a growth interruption of 30 s under As 4 flux. Finally, the QDs were covered by 50 nm of GaAs at 500
• C. The growth rate of GaAs was 0.98 ML s −1 . A similar uncapped sample was grown for morphological investigation by atomic force microscopy (AFM), and a typical micrograph is shown in figure 1 . Such investigation revealed a surface density of approximately 3 × 10 10 cm −2 , and an estimated average QD height and base diameter around 8 nm and 40 nm, respectively. Modification of the QD size would certainly occur after the capping process. Indeed, AFM measurements can generally lead to an overestimation of the QD size with respect to the real situation. Such a disparity would result mainly from the AFM tip-shape, the oxide around the islands, and possibly a size reduction during overgrowth [13] .
A series of capped InAs QD samples were proton implanted at room temperature at different doses (5 × 10 10 -10 14 ions cm −2 ) with an acceleration energy of 18 keV. The implantation was carried out at 7
• off the [100] direction to minimize the channelling effect. The in-depth distribution of generated vacancies, as simulated using transport of ions in matter (TRIM) [14] , is plotted in figure 2 . The first peak in this distribution results from the higher density of matter in the InAs layer. The ions that penetrate this layer can then create a maximum number of vacancies at a typical distance of 120 nm from the surface. An average of about 6.4 vacancies are generated for each incident ion. An equal number of atom displacements (Ga and As) are also generated for each incident ion. The proton-implanted samples were subsequently subjected to a rapid thermal annealing (RTA) treatment at 675
• C for 30 s to promote the intermixing process. More details concerning InAs QD growth and proton implantation conditions can be found elsewhere [9] .
The PL measurements were carried out at 10 K within a closed cycle helium cryostat. The PL properties were evaluated using the 514.5 nm line of an Argon-ion laser. The PL emitted by the samples was dispersed by a spectrometer and detected by a thermoelectrically cooled InGaAs photodetector with a built-in amplifier using a conventional lock-in technique. The PLE was stimulated by a quartz-tungsten lamp, dispersed through a 0.6 m double-grating spectrometer providing a tuneable light source and detected by a high-sensitivity 77 Kcooled germanium photodetector.
Results and discussion
The 10 K high-excitation power density PL spectra of the asgrown sample, the reference sample (only annealed at 675
• C for 30 s) and samples subjected to proton implantation at different doses (5 × 10 10 -10 14 ions cm −2 ) followed by RTA are depicted in figure 3 (a). The RTA conditions correspond to the highest annealing temperature without thermal shift, which allow investigating the intermixing produced purely by the proton implantation. Consequently, the role of the RTA process, in our case, is principally to set off the In/Ga intermixing. The spectra are normalized and shifted for clarity. Previous investigation of these samples [9] revealed the achievement of a purely induced proton implantation blueshift up to 130 meV for an implantation dose of 5 × 10 13 ions cm −2 . Higher implantation doses result in a saturation of the blueshift. PLE and excitation power density dependent PL experiments have been carried out for all the investigated samples, and revealed that the appearance of multiple peaks in each spectrum arise from the state filling effect, as shown for the as-grown sample in figure 3(b) . Indeed, at lower excitation power density, only one emission peak centred at 1.09 eV (denoted by E 0 ) is observed and associated with the optical transitions between the electron and hole s-shell levels. When the laser excitation density increases, two other emission peaks appear, at 1.17 and 1.23 eV, which are denoted by E 1 and E 2 , respectively. The corresponding PLE spectrum measured at a detection energy corresponding to E 0 also reveals two absorption peaks around E 1 and E 2 . Therefore, these bands can unambiguously be related to optical transitions between the electron and hole excited levels (p-shell states and d-shell states) of the QDs.
The evolution of the PL linewidth versus the proton implantation dose, taken from the ground state emission peak at very low-excitation power density, is depicted in figure 4 [9] . The full width at half maximum (FWHM) increases from 38 meV, for the reference sample, to 63 meV after a proton implantation dose of 5 × 10 11 ions cm −2 . The linewidth broadening is clearly demonstrated by the lowexcitation power density PL spectra shown in the inset of figure 4. In fact, the emission peak from the sample implanted at 5 × 10 10 ions cm −2 exhibits a high-energy side asymmetry while that implanted at 5 × 10 11 ions cm −2 shows a lowenergy side asymmetric broadening. These spectra can be deconvoluted by two Gaussians centred at 1.09 eV and 1.15 eV (labelled G1 and G2 respectively), as shown by the dotted lines in the inset of figure 4. The enhancement of the PL linewidth can be explained by an inhomogeneous intermixing process. This could suggest the coexistence of intermixed and non-intermixed QDs in low proton dose implanted samples since the low-energy Gaussian in each spectrum has nearly the same emission energy as the one observed for the reference sample. Furthermore, the integrated PL intensity fraction (corresponding to the fraction of intermixed regions) I PL (G2)/(I PL (G1)+ I PL (G2)) increases from 33% for a proton implantation dose of 5 × 10 10 ions cm −2 to 84% when the proton dose is increased to 5 × 10 11 ions cm −2 . This behaviour suggests that there exists an onset for interdiffusion to occur at the QD/barrier interface, and when the local density of defects goes beyond this onset, the intermixing becomes very efficient. Therefore, as the proton dose increases, QD intermixing is initiated over a larger number of dots; the G1 emission band disappears gradually while the G2 emission band increases and gets broader. At higher proton doses (>5 × 10 12 ions cm −2 ), PL linewidth narrowing is observed, indicating a more uniform degree of QD intermixing over the sample surface. This behaviour is explained by the fact that the driving force for interdiffusion decreases as the composition gradient becomes smaller at the QD/barrier interfaces.
A striking phenomena making evidence of the QD interdiffusion that has been widely reported for QD thermal induced intermixing [15, 16] is its influence on the intersublevel spacing energies. The QD's aspect ratio, which is affected by In/Ga interdiffusion, has a strong influence on these energy values. Accordingly, QDs are considered to be intermixed when both the PL emission energy and intersublevel spacing energies are modified. PLE spectroscopy is a useful technique for investigating these changes. By selecting the detection energy the technique allows probing the excited states associated with a given family of QDs (G1 or G2). As stated before, these families of intermixed and nonintermixed QDs seem to coexist for the samples implanted at lower proton doses. Figure 5 shows the PLE spectra of samples implanted at 5 × 10 10 and 5 × 10 11 ions cm −2 taken at a detection energy corresponding to either G1 or G2. The energy spacing between the s-level and the p-level optical emission bands can be extracted from the PLE absorption • C. Also shown is the reference sample's spectrum. The dotted lines are Gaussian fits to experimental data [9] . Table 1 . The sum of the electron and hole intersublevel energy spacing (E2-E1) extracted from PLE measurements, of the as-grown sample, the reference sample, and samples subjected to proton implantation at (5 × 10 10 -5 × 10 13 ions cm −2 ) followed by RTA for 30 s at 675
• C. spectra. A value of about 80 meV is obtained for the G1 bands while a spacing energy of about 60 meV has been determined from G2 PLE spectra of the two lower proton dose implanted samples. The decrease of this energy separation between successive emission bands together with the blueshift of this G2 band indicates a noticeable change of the aspect ratio of their associated QDs. The G2 emission band can therefore be attributed to the luminescence of intermixed QDs. These PLE results give additional evidence of the coexistence of intermixed and non-intermixed QDs for samples implanted at low proton doses. Additionally, a continual reduction of the excited emission band energy spacing is observed (results are summarized in table 1) on increasing the proton implantation dose. Intermixing tends to flatten the tip of the lens-shaped QD and to enlarge its lateral size. This interpretation is in good agreement with theoretical [15] and experimental [2, 16, 17] investigations of interdiffused QD systems.
Our results suggest that there exists an onset for interdiffusion to occur at the QD/barrier interface. This onset must be related to the presence of a minimal number of point defects (vacancies and interstitials) in the vicinity of the dot because the intermixing is mediated by the thermal diffusion of atoms in the presence of such defects. Both types of point defect contribute to the intermixing process, but let consider only the number of vacancies in the following analysis. Under our RTA conditions, vacancies can certainly diffuse over several tens of nm in GaAs [15] , and some of them will disappear through a partial repair of the local crystalline structure. On the other hand, the in-depth strain distribution after proton implantation is not known precisely, but the InAs plane still constitutes a structural perturbation of the GaAs matrix where vacancies will tend to diffuse in order to minimize the overall strain in the structure. From the average number of vacancies per ion (6.4) contained in the distribution of figure 2 we can then reasonably assume that the number of active vacancies (those that participate through the RTA treatment in the QD intermixing process) is somewhere between 2 and 4 per ion. This crude estimation takes into account the fact that a part of the vacancies will be lost through recombination with interstitials and through diffusion away from the QDs. For a proton implantation dose of 5 × 10 10 ions cm −2 , the number of active vacancies is about 1.5(±0.5) × 10 11 cm −2 , which corresponds to a mean value of 5 vacancies per dot. Due to the random nature of the QD self-assembled process, which gives rise to an inhomogeneous spatial distribution of dots (see figure 1) , the number of redistributed active vacancies per dot might be much smaller than its mean value in high QD density regions and much higher than its mean value in low QD Figure 5 . 10 K PLE absorption spectra of samples subjected to proton implantation at 5 × 10 10 ions cm −2 -5 × 10 10 ions cm −2 and subsequent annealing measured at a detection energy corresponding to the G1 or the G2 maximum. Also shown is their corresponding high-excitation power density 10 K PL spectra (dashed lines). density regions. The variation of strain around these QD-rich and QD-poor regions might further accentuate the fluctuation in the number of active vacancies per dot. Therefore, the appearance of intermixed and non-intermixed QDs, observed for proton implantation doses below 5 × 10 11 ions cm −2 , can be linked to the random distribution of dots and to the fact that a minimum number of vacancies is necessary for efficient QD intermixing. Crude approximations have been made in this analysis, but our optical measurements (see previous estimated values of the fraction of intermixed regions as a function as the implantation dose) suggest that the onset value is on the order of 10 active vacancies per dot. The statistical distribution of active vacancies per dot has a mean value of 5 for a dose of 5 × 10 10 cm 2 , and our PL results indicate that 33% of the dots have more than 10 active vacancies in close proximity. For a dose of 5 × 10 11 cm 2 the mean value of vacancies per dot is 50, and our PL results indicate that 84% of the dots have more than 10 active vacancies in close proximity. Further studies using single dot spectroscopy on low QD density samples will be necessary to confirm such estimated onset value. When the proton implantation dose is increased to 5 × 10 12 ions cm −2 , the two Gaussian peaks merge into a single band, and the PL linewidth reduces to 35 meV. At this proton dose, the estimated number of active vacancies per dot is about 500, which seems to be sufficient to activate In/Ga interdiffusion in each dot randomly distributed on the sample surface. Under such conditions, the intermixing will smooth out all the compositional and strain dispersion. Consequently, for further increase of the implantation proton dose we observe a blueshift of the emission energy together with a decrease of the intersublevel spacing energies and of the PL peak's linewidth. We expect that the inhomogeneous intermixing process induced by the low proton implantation doses can be suppressed or at least minimized through the twodimensional ordering of the QDs [18] or through a reduction of their surface density [19] . In the first case, the number of point defects per dot is expected to be more uniform over the entire sample surface. Thus intermixing will smooth out all the compositional and strain dispersion while preserving good QD optical and morphological properties. In the second case, the partial QD intermixing can be minimized, since the onset required for a full intermixing of the QDs can be reached at low proton implantation doses.
Conclusion
InAs/GaAs QD intermixing, induced by proton implantation and subsequent thermal annealing, has been investigated. Our measurements show clear evidence of the coexistence of intermixed and non-intermixed QDs in samples implanted at a low proton dose ( 5 × 10 11 ions cm −2 ) while a more uniform intermixed QD distribution is observed for samples implanted at higher doses. These results suggest that the intrinsic inhomogeneous distribution of dots affects the intermixing process. It seems that a minimum number of point defects per dot is necessary to induce efficient QD intermixing. This work also suggests that intermixing could be used to reduce dotsize, dot-composition and dot-strain fluctuations over a large ensemble of dots, and this phenomenon will be even more pronounced when starting from a diluted or a more organized QD system.
